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Abstract The erythrocytes play an important role in the human body. The healthy erythrocytes
can undergo extremely large deformation while passing through small capillaries. Their infection by
Malaria Plasmodium falcipurum (P.f.) will lead to capillary blockage and blood ﬂow obstruction.
Many experimental and computational methods have been applied to study the increase in stickiness
and decrease in deformability of the Malaria (P.f.) infected erythrocytes. The novelty of this paper lies
in the establishment of an multi-component model for investigating mechanical properties of Malaria
(P.f.) infected erythrocytes, especially of their enclosed parasites. Finite element method was applied
to simulate the erythrocytes’ deformation in micropipette aspiration and optical tweezers stretching
using the computational software ABAQUS. The comparisons between simulations and experiments
were able to quantitatively conclude the eﬀects of stiﬀness and stickiness of the parasitophorous
vacuole membrane on the cells’ deformation, which could not be obtained from experiments directly.
c© 2013 The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1303401]
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Malaria is a life-threatening tropical parasitic hu-
man disease transmitted by the female Anopheles
mosquitoes. Data from 106 Malaria-endemic countries
and territories reported that about 3.3 billion people
were at the risk of Malaria in 2010.1 Malaria is induced
by a one-cell parasite called the Plasmodium. Human
red blood cells (RBCs), also called erythrocytes can
be infected by four diﬀerent species of the Plasmodium
(P.): P. falciparum (P.f. ), P. ovale, P. malariae and
P. vivax. Among them, P. vivax and (P.f.) are the
most common species, but the malaria induced by the
latter is the most dangerous due to its ability to cause
cerebral malaria.2
Healthy erythrocytes are shaped like a biconcave
disk under static and isotonic condition. They are ﬁlled
with hemoglobin, but do not have a nucleus or cytoplas-
mic organelles. A human erythrocyte membrane con-
sists of transmembrane proteins, lipid bilayer and the
underlying spectrin network.3 After parasite invasion,
the host erythrocyte undergoes 3 stages of severe struc-
tural changes.4 In its ring stage, the parasitophorous
vacuole (PV) encloses the parasites, forming a ring-
like structure. The parasitophorous vacuole membrane
(PVM) is semi-permeable which allows the acquisition
of nutrient and the secretion of parasite. At about 5–
20 h after parasite invasion, which is called the tropho-
zoite stage, the parasites continue growing and occupy
nearly 40% of the host cell’s volume. In the last stage
which is called schizont stage, the parasite divides it-
self and forms 16–32 daughter merozoites surrounded
by the PVM. These daughter merozoites will burst out
and invade uninfected erythrocytes.
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Varies techniques have been applied to study the
mechanical properties of malaria infected erythrocytes,
such as laminar shear ﬂow system,5,6 micropipette
aspiration,7–9 optical tweezers,10,11 and microﬂuidic
systems.12 These experiments have shown that the
malaria infected erythrocytes lose their natural de-
formability progressively with the maturation of the
parasite.11 Among these techniques, micropipette as-
piration has its advantage in exerting a wide range of
aspiration pressure on a speciﬁc location of the cell sur-
face, while the optical tweezers deform the whole cell
with two silica beads controlled by the laser.
However, micropipette aspiration and optical tweez-
ers stretching can not probe the mechanical properties
of the parasites enclosed in the host cell directly. Former
researchers usually focused on the mechanical properties
of the cell membrane. The existing models consist of
only the cell membrane and haemoglobin, without con-
sidering the enclosed parasites as an independent and
important part in the models.
Therefore, in this article, a two component model
was developed and validated by comparing its simu-
lation results with former researchers’ works. Then
based on this two component model, a multi-component
model was ﬁrst developed to simulate the cell’s deforma-
tion during micropipette aspiration and optical tweezers
stretching. Finite element method was applied to simu-
late these experiments using the computational software
ABAQUS. Diﬀerent with former researchers’ computa-
tional models, this advanced model beneﬁts in studying
the eﬀects of mechanical properties of the enclosed par-
asites on the deformation of the host cell, which can not
be tested directly through the experiments mentioned
above.
The two-component model considered the cell as a
membrane ﬁlled with incompressible ﬂuid.13 The bicon-
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Fig. 1. Comparison between the two-component ﬁnite element model and the hemispherical cap model.
cave shape of the erythrocyte was given by Evans et
al.14 Owing to the highly nonlinear elastic response, a
two-parameter third-order hyperelastic model was used
in modeling the large deformation of cell membrane,
where the strain energy potential is
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where G0 is the initial bulk shear modulus and λ1, λ2,
λ3 are the principal stretches. If the membrane area
remains constant, λ1λ2λ3 = 1. Parameter C3 matches
the experimental data best when it is equal to G0/20.
In the multi-component model, another layer of hyper-
elastic material was used to model the PVM within the
host cell.
Before using a more complex model to analyze the
complexity and inﬂuence of the internal components of
infected erythrocytes, it is important to testify whether
the current two-component model is able to obtain re-
sults similar to what the commonly used hemispherical
cap model15 produces. The simulation method was to
exert a linearly increasing aspiration pressure from 0
to 200 Pa, and to obtain the displacement changes of
point A as illustrated in Fig. 1(f). The boundary and
loading conditions are shown in Fig. 1(f), where point
B and the rigid pipette were assumed to be encastre.
The simulation results were obtained as a relationship
between projection length and the increase of pressure.
These results were compared with experimental data
of normal, uninfected, ring stage, trophozoite stage and
schizont stage erythrocytes, as shown in Figs. 1(a)–1(e),
where ΔP is the increase in suction pressure, μ is the
shear modulus, Rp is the pipette radius, Lp is the pro-
jection length, and C is a constant. The initial mem-
brane shear moduli of the given examples are found to
be 7.1 μN/m, 13.1 μN/m, 18.9 μN/m, 35.3 μN/m, and
39.2 μN/m, respectively.
It can be seen that if we ignore the internal com-
ponents of structural changes occurring within the in-
fected erythrocytes, we can duplicate the results of com-
monly used hemispherical cap model by adopting this
two-component ﬁnite element model. Therefore, this
ﬁnite element model and its material constitutive rela-
tions are suitable for modelling the infected cell mem-
brane deformation.
However, the hemispherical cap model has its own
assumptions and limitations. If the parasite growth
within the host erythrocyte was considered, especially
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Fig. 2. Illustration of probing position in experiments: sec-
tion A and section B deﬁned for micropipette aspiration.
70
60
50
40
30
20
10
0
Trophozoite            Schizont
Section A    Section B
S
h
e
a
r 
m
o
d
u
lu
s
/
(m
N
  .
m
-
1
)
Fig. 3. The eﬀect of probing positions on the calculated
shear modulus using the hemispherical cap model in mi-
cropipette aspiration. ∗p-value < 0.01.
during the trophozoite and schizont stages, the hemi-
spherical cap model might not be accurate. There-
fore, diﬀerent from earlier sections, a multi-component
model was used to study eﬀect of parasite inclusion.
The haemoglobin was also modeled as an incompress-
ible or nearly incompressible ﬂuid with a hydraulic ﬂuid
model within a ﬂuid-ﬁlled cavity. The constitutive re-
lation of the materials used to model the erythrocyte’s
membrane and PVM was expressed in the form of strain
energy potential, which was given in Eq. (1). To dis-
cuss this problem clearly, we deﬁne the section of the
membrane that is very close to the PVM as section B,
and the section away from the PVM as section A, as
illustrated in Fig. 2.
Noticing the PVM’s deformation in micropipette as-
piration, we did a series of tests to probe the trophozoite
and schizont stage cells at both section A and section
B. The results calculated using hemispherical cap model
are shown in Fig. 3.
It is shown that if the micropipette probe the same
cell at section B, the shear modulus of the host cell
membrane given by hemispherical cap model was al-
ways higher than the ones probed at section A, for both
trophozoite and schizont stage cells. The p-value of the
test (from the Excel output) is small, indicating that
we reject the null hypothesis. This leads to the con-
clusion that the data of trophozoite stage cells provide
enough evidence to infer that probing section B of the
cell surface gave a signiﬁcantly higher shear modulus
1 to 100
1 to 5
1
Fig. 4. Eﬀect of μ0(PVM) on the host cell deformation,
with a ﬁxed μ0(cell) value.
than probing section A of the cell surface. One possible
contributing factor was that the PVM was also aspi-
rated into the pipette and aﬀected the deformation of
the host erythrocytes, which can be proven by Fig. 4.
The diﬀerence in probing schizont stage cell was not so
signiﬁcant probably because the parasite occupied most
of the host cell’s volume.
When we probed the host cell membrane at where
the membrane and PVM were very close to each other
(deﬁned as section B), the PVM had an inﬂuence on
the host cell’s deformation, and the deformation would
be changed with diﬀerent μ0(PVM) value. Therefore,
more computational tests were done to study the ef-
fect of PVM stiﬀness on the cell’s deformation in mi-
cropipette aspiration. The cell radius of the following
case was measured as 4.23 μm. The radius of the PVM
was measured as 2.52 μm. The inner and outer radius of
the micropipette was measured as 0.67 μm and 1.63 μm,
respectively. When we probed this cell at section A, the
hemispherical cap model gave a shear modulus value of
23.33 μN/m, and this value will be used for μ0(cell) in
this parametric study. The simulation data of probing
section B of this cell was plotted in the form of Lp as a
function of μ0(PVM)/μ0(cell).
The data shown the projection length obtained
when the aspiration pressure reached 100 Pa. Since
the μ0(cell) was ﬁxed with the value we obtained prob-
ing section A, only μ0(PVM) was changed in this
parametric study. In shown in Figs. 4(a) and 4(b),
μ0(PVM)/μ0(cell) varied from 1 to 100. The projection
length (aspiration pressure = 100 Pa) dropped rapidly
to 0.76 μm with the change of μ0(PVM)/μ0(cell)
from 1 to 5, then slowly decreased to 0.71 μm when
μ0(PVM)/μ0(cell) reached 100.
A parametric study was done with two ﬁxed initial
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Fig. 5. Parametric study on the eﬀect of parasite inclusion in the simulation of optical tweezers stretching experiments.
(a) and (b) are the original and deformed shape of the three-dimensional multi-component model of erythrocytes, and (c)
plots the eﬀect of membrane stiﬀness, interaction between PVM and cell membrane, and PVM sizes on the erythrocyte
deformation in optical tweezers stretching. The PVM radii R1, R2, R3, and R4 shown in the ﬁgure were 2.5 μm, 3 μm,
3.3 μm, and 3.4 μm, respectively.
Fig. 6. Eﬀect of host cell membrane and PVM initial shear modulus on the cell deformation in the simulation of optical
tweezers stretching. The host erythrocyte radius was 3.5 μm for all the simulation curves.
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shear modulus μ0 = 7.6 μN/m and μ0 = 32.8 μN/m
for the host cell’s membrane. The purpose was to com-
pare the eﬀect of host cell membrane stiﬀness to other
parameters like PVM radius and interaction properties
between cell membrane and PVM. These two values of
initial shear modulus were chosen according to the av-
erage membrane shear modulus of normal erythrocytes
and trophozoite stage malaria infected erythrocytes cal-
culated using the two-component model. It should be
noted that the model was assumed to be spherical with
a radius of 3.5 μm due to the cell’s structural change in
its mid- to late-infectious stages.
The ﬁnite element model was reduced and repre-
sented by only one-eighth of the cell, because of the
erythrocyte’s plane symmetric geometry and the axial
loading conditions. Diﬀerent from the two-component
model, a layer of PVM was added into the multi-
component model. As shown in Fig. 5, the contact sur-
face where the cell attached to the silica micro beads was
modelled as a ﬂat region of 1 μm in width and 0.55 μm
in height. The cell and PVM shapes were assumed to
be spherical. The relationship between the stretching
forces exerted on the contact surface and the axial di-
ameter change of the model was recorded.
The axial diameter change of the cell obtained from
simulation was plotted as a function of the correspond-
ing stretching force, as shown in Fig. 5(c). The two
line styles represented diﬀerent interaction properties
between PVM and host cell membrane. It is known that
the enclosed parasite may result in an increased inter-
nal viscosity of the host erythrocyte and derive proteins
such as PfEMP2 and KAHRP of PfHrP1 on the inner
surface of the erythrocyte membrane.16–18 So the PVM
and host erythrocyte membrane might bond to each
other in a certain level. The simulation curves shown in
solid lines did not consider the stickiness between the
PVM and host erythrocyte membrane, while the curves
shown in dashed lines assumed that the stickiness be-
tween PVM and cell membrane were so high that they
were stuck to each other after contact.
From the results, we can see that the paired solid
and dashed lines did not diﬀer from each other in most
cases. Compared to the eﬀect of membrane stiﬀness and
PVM sizes, the interaction properties between PVM
and host cell membrane stiﬀness played an insigniﬁcant
role in the deformation of the cell stretched by optical
tweezers. The stickiness between the cell membrane and
PVM did not have signiﬁcant inﬂuence on the cell de-
formation induced by optical tweezers stretching. Com-
paratively, the host cell membrane stiﬀness and PVM
sizes played a bigger role in the cell deformability. With
the increase in membrane stiﬀness and PVM radius, the
axial diameter change decreased obviously.
Then the material used to represent PVM was
changed from rigid to deformable. A parametric study
was done with diﬀerent PVM sizes, and initial shear
modulus of both host cell membrane and PVM. The
simulations were done using two diﬀerent radii of PVM.
The green and blue curves represented the RPVM value
of 3.4 μm, and 3.48 μm, respectively. The host cell ra-
dius was 3.5 μm for all the simulation curves. The line
styles corresponded to diﬀerent combinations of host
cell membrane shear modulus and PVM shear modu-
lus, as listed in the legend. The initial membrane shear
modulus μ0(cell) was assumed to be 1 and 5 times of
the preset value μ0 = 7.6 μN/m, while the initial shear
modulus of PVM μ0(PVM) was assumed to be 1 and 5
times of the μ0(cell). The results were shown in Fig. 6.
It can be observed that with the same RPVM value and
μ0(cell), the increase in μ0(PVM) would lead to smaller
deformation of the cell stretched by optical tweezers at
equal stretching force. When the μ0(PVM) and μ0(cell)
both became 4 times larger, the simulation curve sig-
niﬁcantly diﬀered from the one obtained by assuming
μ0(PVM) = μ0(cell) = 7.6 μN/m. The PVM radius
had an inﬂuence on the cell deformation undergoing op-
tical tweezers stretching, but the membrane and PVM
stiﬀness seems to play a more important role in the de-
formation of Malaria (P.f .) infected erythrocytes.
Diﬀerent from other researchers’ works, the me-
chanical properties of the malaria infected erythrocytes
were studied by considering the enclosed malaria para-
sites as independent parts. In the experiments, it was
proved that probing diﬀerent locations on the same host
cell surface would lead to diﬀerent computational results
of mechanical properties using the commonly accepted
models developed by former researchers. To get a bet-
ter understanding of the complexity and inﬂuence of
the internal components within the host erythrocytes,
a multi-component model was ﬁrst introduced in this
article to analyze the eﬀect of PVM on the cell defor-
mation. Finite element method was applied to simulate
the cells’ deformation in both micropipette aspiration
and optical tweezers stretching experiments.
This proposed model was able to quantitatively an-
alyze the stiﬀness of PVM, which could not be probed
directly in those two experiments. Parametric studies
were conducted with diﬀerent host cell membrane stiﬀ-
ness, PVM stiﬀness, PVM sizes and interaction proper-
ties between PVM and host cell membrane. The ﬁnite
element analysis quantiﬁed their eﬀects on the whole
cell deformation. It was concluded that the PVM stiﬀ-
ness and PVM sizes play an important role in the whole
cell deformation.
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